Some of the authors of this publication are also working on these related projects: Naturally occurring internal solitary wave trains (solitons) have often been observed in the coastal zone, but no reported measurements of such solitary waves include low-frequency longrange sound propagation data. In this paper, the possibility that internal waves are responsible for the anomalous frequency response of shallow-water sound propagation observed in the summer is investigated. The observed transmission loss is strongly time dependent, anisotropic and sometimes exhibits an abnormally large attenuation over some frequency range. The parabolic equation (PE) model is used to numerically simulate the effect of internal wave packets on low-frequency sound propagation in shallow water when there is a strong thermocline. It is found that acoustic transmission loss is sensitive to the signal frequency and is a "resonancelike" function of the soliton wavelength and packet length. The strong interaction between acoustic waves and internal waves, together with the known characteristics of internal waves in the coastal zone, provides a plausible explanation for the observed anomalous sound propagation in the summer. By decomposing the acoustic field obtained from the PE code into normal modes, it is shown that the abnormally large transmission attenuation is caused by "acoustic mode-coupling" loss due to the interaction with the internal waves. It is also shown that the "resonancelike" behavior of transmission loss predicted by the PE analysis is consistent with mode coupling theory. As an inverse problem, low-frequency acoustic measurements could be a potential tool for remote-sensing of internal wave activity in the coastal zone.
INTRODUCTION
Naturally occurring internal wave packets have often been observed in the coastal zone, especially in the summer. The mechanism for the generation of these nonlinear internal waves have been widely investigated in the geophysics and fluid mechanics community. Unfortunately, however, no reported measurements of such solitary waves include low-frequency long-range sound propagation data. The acoustic community has paid little attention to the effect of solitary waves on sound propagation with the exception of the work of Baxter and Orr that was based on ray theory and calculated the influence of an oceanic internal wave packet on short-range (high-frequency) sound propagation.
• Experiments, conducted by Zhou and his group at Institute of Acoustics of the Chinese Academy of Sciences in Beijing over a four-year period at the same area of Yellow Sea, have shown that the frequency response of shallow water sound propagation in the summer is a strong function of time and propagation direction, and sometimes exhibits an abnormally large attenuation over some frequency range. A part of these results was reported before, 2'3 but it cannot be explained by a conventional range-independent model of sound propagation using reasonable bottom acoustic parameters and an average sound-speed profile.
In this paper, we investigate the possibility that the anomalous propagation results are due to the presence of internal waves. First, we briefly discuss the characteristics of internal wave packets in the coastal zone. We then review the aforementioned experimental results of Zhou et al. that exhibited the anomalous frequency response. In Sec. III, we hypothesize that this anomalous, anisotropic frequency response is caused by the influence of internal wave packets. We support the hypothesis with numerical simulation results obtained using the parabolic equation (PE) propagation model. In Sec. IV, we decompose the acoustic field obtained by using the PE model into the normal modes, and show that the abnormally large transmission loss which occurs over certain frequency ranges is due to "mode-coupling" loss induced by the internal wave packets. In Sec. V, we show that "resonancelike" behavior of the attenuation is consistent with mode coupling theory.
I. CHARACTERISTICS OF INTERNAL WAVE PACKETS IN THE COASTAL ZONE
Internal waves have been observed almost everywhere in the ocean. 4 In the open ocean they are best described as a stochastic phenomenon with a broadband frequency wave number spectrum. 5 However, analysis of extensive data on internal waves in the coastal zone, 6-22 has shown that these waves exhibit the properties of solitons. The experimental data includes: current and temperature measurements; vertical profiles from CTD, XBT, and acoustic echo sounding devices; ship's radar and satellite (or space shuttle) images obtained at optical and radar frequencies. We are primarily interested in the effect of internal solitons on long-range sound propagation in the coastal zone, and not the mechanisms for the generation or propagation of internal wave packets (which has been widely investigated in the geophysics and fluid mechanics communities). We thus limit our discussion of internal waves to the following summary of the relevant characteristics of internal wave packets in the coastal zone.
( 1 ) Internal waves in shallow water are frequently observed in deterministic groups (wave packets) with welldefined wavelengths that are describable as solitary waves (or solitons). These waves are usually observed in summer when they are trapped in a strong and shallow seasonal ther- Due to the fact that we have no data concerning specific characteristics of internal waves at the experimental site, for simplicity, following Lee's three-layer model of internal wave, •-9 we assume that the internal wave packet can be expressed by a gated sine. function as shown in Fig. 8(b 
The idealized sound-speed profile in the absence of internal waves for the numerical simulation is shown in Fig.   8 (a) . We call ,;1, i the soliton wavelength, and Lp the packet From this analysis, it is evident that the modal coupling caused by internal waves can sometimes be an important loss mechanism for sound transmission in shallow water in the summer. At 300 and 1000 Hz, the mode-coupling effect is much weaker. Only a few percent of the wave energy is coupled into high-order modes. At 630 Hz, however, a signifi-
B. Soliton wavelength resonance
We continue to consider a single packet located at a distance of 15 km. We now fix the acoustic frequency at 630
Hz and the packet length (Le) at 1.4-1.5 km and calculate the effect of soliton wavelength (Ai) on transmission loss. Fig. 15 (b)-(d) . At 18 km, after interaction with the packet, the shape of the depth distribution function for a six-soliton packet is very different from that of the first mode. However, for a longer packet consisting of 11 solitons it is close to the shape of the first mode and close even in amplitude to the results without a packet.
At a distance of 18 km, we again decompose the PE sound field into normal modes, and get the results for two different packet lengths shown in Fig. 16. For a 1410-m  packet (six 235-m solitons) , a significant amount of energy has been transferred from mode 1 into higher-order modes. For a longer packet (2585 m, i.e., for 11 solitons), the modecoupling effect is much weaker. That is, the mode-coupling and hence the loss induced by internal wave packets exhibits a packet length resonance effect. modes 1 and 3. Thus one would expect a significant amount of energy to be transfered from mode 1 to mode 3 (but not, say, to mode 2). Moreover, kin t is also reasonably close to the 
Um= sin(KLr).
Equation (19) predicts that the magnitude of the excited higher-order modes will be periodic with range. The resonant coupling parameter Kr determines for what packet lengths Um has a maximum value (or u• has a minimum value). From Eq. (19), the packet length "resonance" will occur when Kt.L v = (n + 1/2)rr. From the first packet length resonance in Fig. 15(a) 
